Introduction
Lysosomal storage disorders (LSDs) arise from functional defects in one or more of the proteins essential to normal lysosome function. This typically involves the enzymes that play a critical role in the intracellular digestion of glycoproteins, glycolipids, glycosaminoglycans, or other macromolecules (1) . GM2 gangliosidoses, one of the major LSDs, are caused by an abnormality in the hexosaminidases (Hex's) (1, 2) . Hex A consists of a heterodimer of a β-subunit (HEXA gene product) and an α-subunit (HEXB gene product). Hex B is a homodimer of β-subunits. Mutations in the HEXA gene cause Tay-Sachs disease, whereas mutations in the HEXB gene cause Sandhoff disease (SD) (1) .
Mice with disruptions in the Hexb gene develop an SD-like illness and therefore have provided a useful model for investigating the pathophysiology of SD (3) (4) (5) . Neurologic dysfunction is the major clinical manifestation of GM2 gangliosidoses, correlating closely with the severity of the illness. These neurological abnormalities have been ascribed in part to neuronal cell death caused by the accumulation of both undigested GM2 gangliosides and related lipids in neuronal lysosomes (6) . However, several recent investigations have suggested that ganglioside accumulation in neurons alone cannot completely explain the nerve cell damage and the short life span that characterizes SD (Hexb -/-) mice. It was previously reported that bone marrow transplantation (BMT) from normal (Hexb +/+ ) to SD mice suppresses neuronal death and improves survival ratios despite having no effect on either Hex activity or ganglioside accumulation in the brain (7, 8) . Certain inflammatory processes, including microglial activation, indicated by cytokine expression were also observed (8) (9) (10) . In addition, other recent studies indicated that antiganglioside antibodies were present in several neuropathies, including GuillainBarré syndrome, amyotrophic lateral sclerosis, and Fisher syndrome (11) (12) (13) .
Thus, we hypothesized that substrates such as GM2 and/or GA2 could evoke autoimmune responses because they could not easily be degraded or cleared due to specific enzyme deficiencies. As a consequence of this, autoantibodies would bind to antigens on the cell surface of neurons and trigger microglial activation via the Fc receptor (FcR) common γ-chain. Studies were undertaken to evaluate this hypothesis.
Mice containing a disruption of the Hexb gene have provided a useful model system for the study of the human lysosomal storage disorder known as Sandhoff disease (SD). Hexb -/-mice rapidly develop a progressive neurologic disease of ganglioside GM2 and GA2 storage. Our study revealed that the disease states in this model are associated with the appearance of antiganglioside autoantibodies. Both elevation of serum antiganglioside autoantibodies and IgG deposition to CNS neurons were found in the advanced stages of the disease in Hexb -/-mice; serum transfer from these mice showed IgG binding to neurons. To determine the role of these autoantibodies, the Fc receptor γ gene (FcRγ) was additionally disrupted in Hexb -/-mice, as it plays a key role in immune complex-mediated autoimmune diseases. Clinical symptoms were improved and life spans were extended in the Hexb -/-FcRγ -/-mice; the number of apoptotic cells was also decreased. The level of ganglioside accumulation, however, did not change. IgG deposition was also confirmed in the brain of an autopsied SD patient. Taken together, these findings suggest that the production of autoantibodies plays an important role in the pathogenesis of neuropathy in SD and therefore provides a target for novel therapies.
Methods
Mice. All mice used in this study were bred and housed under standard nonsterile conditions. All animal studies were approved by the Animal Committee at Yokohama City University. SD mice (Hexb -/-mice; C57BL/6X129/Sv background) were kindly provided by R. L. Proia (NIH) and were bred in a closed colony over 30 generations so that they were inbred for C57BL/6-and 129/Sv-derived genes (4). FcRγ gene knockout mice (FcRγ -/-mice) (14) with C57BL/6 were bred with Hexb -/-mice to obtain doubly heterozygous (Hexb +/-FcRγ +/-) mice. To minimize variations due to differences in genetic background, all genotypes used in this study were derived from these cross-breedings, and the sib pairs were used as a comparison. The hexb and FcRγ genotypes were determined by PCR using tail DNA (15) . Primer sequences used for FcRγ were as follows: (1) 5′-GCC-CTGGGAGAGCCGCAGCTCTGCTATATCCTGGA-3′, (2) 5′-CTCACGGCTGGCTATAGCTGCCTTTCGGACCTGGA-3′. In the FcRγ -/-and WT genotypes, 1.2-kb and 0.24-kb bands were observed, respectively. After denaturation at 94°C for 1 minute, the PCR reaction was cycled 30 times at 94°C for 30 seconds and 68°C for 5 minutes. PCR products were separated by electrophoresis through a 2% (w/v) agarose gel and visualized by ethidium bromide staining.
Antibodies. A rabbit IgG antibody against mouse GA2 was obtained from Dia-iatron (Tokyo, Japan). Biotin-conjugated anti-N-acetyl GM2 antibody that recognizes mouse GM2 was obtained from Seikagaku Corp. (Tokyo, Japan). Alkaline phosphatase-labeled goat antimouse IgG antibody, which also recognizes human IgG, was obtained from Southern Biotechnology Associates Inc. (Birmingham, Alabama, USA). Alexa fluor goat antirabbit IgG and fluor donkey antigoat IgG were obtained from Molecular Probes (Eugene, Oregon, USA). Streptavidin-FITC-conjugated GM2 was purchased from GIBCO BRL (Tokyo, Japan). Horseradish peroxidaseconjugated goat antimouse IgG was obtained from ICN Pharmaceuticals Inc. (Costa Mesa, California, USA).
Human brain tissue. A human brain sample, taken from a 2-year-old boy with SD who was autopsied at Nagoya City University Medical School, was kindly provided by M. Tatematsu (16) . This experiment was approved by the Ethical Committee of Yokohama City University School of Medicine.
Extraction and analysis of glycolipids. Glycolipids were extracted from mouse brain as described previously (4), applied to high-performance, thin-layer chromatography (HPTLC) plates (Silicagel 60, Merck, Darmstadt, Germany), and chromatographed with chloroform/ methanol/0.22% aqueous CaCl2 (60:40:9, v/v/v). The glycolipids were then visualized by spraying the HPTLC plates with anthrone-sulfuric acid reagent followed by heating on a hot plate.
ELISA. Antiganglioside antibodies were determined by ELISA assays as described previously (17) . Briefly, flat-bottom plates (Greiner Immunoplate, Frickenhausen, Germany) were coated with appropriately diluted soluble antigens (extracted from Hexb -/-mouse brain and liver) and then blocked with 1% BSA in PBS. Serum diluted in PBS containing 1% BSA was incubated on antigen-coupled plates for 2 hours. Unbound immunoglobulin was washed away with PBS containing 0.05% Tween 20. Horseradish peroxidase-conjugated goat antimouse IgG was added for a further 2 hours and the plates were washed again. A color reaction was obtained by adding orthophenylenediamineHCl substrates (Wako, Tokyo, Japan). The data were determined by OD values at 405 nm with reference to the OD of normal WT mouse (C57BL/129) serum. Serum cytokines were detected by the ELISA method using a Mouse Interleukin-4 ELISA Kit (Endogen Inc., Rockford, Illinois, USA) and a Mouse Interferon Gamma ELISA Kit (Endogen Inc.).
Immunofluorescence study. Organs were removed from the necropsied animals and processed for frozen or paraffin sections. The sections were pretreated with PBS containing 3% BSA (Nissui, Tokyo, Japan) for 15 minutes and incubated overnight with antibody at 4°C. For double staining, the sections were incubated with propidium iodine (PI) solution for nuclear staining after the secondary fluorescent antibody reaction. Stained sections were observed using laser scanning microscopy (LSM 101, Olympus, Tokyo, Japan).
Immunohistochemistry. For the detection of IgG deposition, alkaline phosphate-labeled goat antimouse IgG antibody was used for both mouse and human brain tissue samples using a Histofine kit according to the manufacturer's instructions (Nichirei Corp., Tokyo, Japan).
Serum transfer experiment with blood-brain barrier disruption. D-Mannitol was chosen as a hypertonic agent to open the blood-brain barrier (BBB) osmotically. The safe limits for its experimental use in animals has been described elsewhere (18, 19) . Mannitol was dissolved in PBS at a concentration of 1.6 mol/l and kept at 37°C. Three hundred microliters of pooled sera from either WT (Hexb +/+ ) or Hexb -/-mice that were between 14 and 15 weeks of age was injected into the tail vein of 8-week-old SCID mice with 200 µl of 1.6 mol/l D-mannitol. The mice were killed 30 minutes after the injections.
Apoptosis analysis. Apoptotic cells were detected by the in situ TUNEL method using a DeadEnd Colorimetric TUNEL system (Promega, Madison, Wisconsin, USA). An apoptotic DNA ladder was detected using a TACS Apoptotic DNA Laddering Kit and Tissue Supplement Reagents (Trevigen Inc., Gaithersburg, Maryland, USA). One microgram of extracted DNA taken from the brain of a 14-week-old mouse was subjected to electrophoresis on a 2% (w/v) agarose gel containing ethidium bromide (0.4 mg/ml).
Behavioral testing. Motor function and balance were measured with a standard rotorod apparatus (Ugo Basile 7650; BM Apparatus, Tokyo, Japan). The machine was set to an initial speed of 4 rpm, and the acceleration was increased by 2 rpm/min. The latency testing was conducted once a week for 8-week-old mice until the time when they could no longer walk due to gait apraxia.
Clinical scores. Neurological activity in mice was scored using the following criteria: a score was assigned for the effect when a mouse was lifted by the tail and also for the ability to roll over when the mouse was left in a dorsal position. Each score was graded into the following five categories: 0, normal: limbs extended and body twisted, able to roll back to prone from supine position; 1, slight: limbs extended with slight tremor and twisted body, able to roll back to prone from supine position; 2, mild: limbs extended without twisted body, able to roll back to prone to fall off from the rotating cylinder was also measured. Mice that fell within 15 seconds were given a second trial, and those that did not fall during a 250-second period were given a score of 250 seconds. Rotorod Prior to injection, the presence of the GA2 (stained green) was confirmed in SCID mice (left). Deposition of IgG was investigated following BBB disruption. Serum transfer from the Hexb +/+ mice did not reveal IgG deposition (middle), whereas the presence of IgG was demonstrated in the same area of the SCID mice injected with Hexb -/-mice sera (right). Green, presence of Alexa-labeled GA2 (left) or Alexa-labeled IgG (middle and right); red, nuclear staining with PI. Arrows indicate axons or dendrites that were stained green. Original magnification, ×400.
from supine position; 3, moderate: flexed and paws clenched, able to roll back to prone from supine position; 4, severe: flexed and paws clenched, unable to roll back to prone from supine position.
Data analysis. A Student's t test was employed to evaluate the significance of the data. P < 0.05 was considered statistically significant.
Results

Serum anti-GM2 and GA2 antibodies are elevated in aged
Hexb -/-mice. First, we conducted experiments according to our proposed hypothesis that autoantibodies are associated with the neuronal damage and symptoms of gangliosidoses. Autoantibodies for the gangliosides GM2 and GA2 were therefore evaluated by serum ELISA. Significant elevation of serum antibody levels was observed in the terminal stages of Hexb -/-diseased mice that were more than 14 weeks old (Figure 1 , a and b), which was consistent with our hypothesis. Associated with this autoantibody production, the level of serum IL-4 ( Figure 1c ), but not IFN-γ (Figure 1d ), was also elevated, suggesting that certain immune and inflammatory processes may be occurring in aged Hexb -/-mice. Thus, the release of autoantigens from ganglioside-accumulating cells may be involved in the production of autoantibodies.
IgG deposition is observed on the cell surface of neurons in the CNS of Hexb -/-mice, but not WT mice. Next we evaluated the presence of autoantibodies in the CNS. Tissue sections from various CNS sites were taken from 14-weekold Hexb -/-mice and analyzed for GA2 accumulation and IgG deposition (Figure 2a) . Immunohistochemistry revealed that the Purkinje cells of both WT and Hexb -/-mice showed specific expression of GA2 on their cell surfaces. In contrast to Purkinje cells in WT mice, however, those in the Hexb -/-mice simultaneously showed IgG deposition. Similar findings were observed in various sites of the CNS including the thalamus, where extensive apoptosis is known to occur (Figure 2b ), as has been reported previously (8) .
Serum transfer from Hexb -/-mice to BBB-disrupted mice reveals the presence of antibodies that bind to neurons. To confirm the presence of autoantibodies that can bind to the cell surface of neurons, we disrupted the BBB of SCID mice by D-mannitol and injected sera from either Hexb -/-or WT mice. SCID mice were used in this experiment, since they have low background levels of immunoglobulins. Expression of GA2 was confirmed in the hippocampal commissure of SCID mice ( Figure  2c ). Following the disruption of BBB and the transfer of serum from either WT or Hexb -/-mice, the hippocampal commissure areas of the SCID mice were analyzed for immunoglobulin binding using anti-IgG antibodies. IgG-bearing neurons were seen in the SCID mice that had been injected with Hexb -/-serum, whereas SCID mice injected with WT serum did not show IgG binding either on neuronal cell surfaces or in the cytoplasm (Figure 2c ). It is noteworthy that a previous study reported altered BBB permeability in Hexb -/-mice (10). Our results indicate that autoantibodies move to the brain parenchyma via BBB and bind to the cell surface of neurons in Hexb -/-mice.
Double-knockout (Hexb -/-FcRγ -/-) mice show better clinical outcomes and lower GA2 antibody levels than Hexb -/-FcRγ +/+ mice. It was difficult to determine the relationship between IgG deposition and apoptosis, since apoptosis was limited to specific areas whereas IgG deposition was seen diffusely. To determine the role of autoantibodies more precisely, we generated mice lacking both the FcRγ gene and the Hexb gene by intercrossing (14) . The double-knockout genotypes were confirmed by PCR of tail DNA (Figure 3a) . As seen in Figure 3b , the Hexb -/-FcRγ +/+ mouse at 14 weeks old was less active, quite lean, and displayed muscle atrophy with wide-opening hind limbs to support the body, whereas the Hexb -/-FcRγ -/-mouse of the same age was active and mobile. Serum antibodies against GA2 were also evaluated in the Hexb -/-FcRγ -/-mice. A significant decrease in serum antibody levels over Hexb -/-FcRγ +/+ mice was noted in 14-week-old Hexb -/-FcRγ -/-mice, In Hexb -/-FcRγ +/+ mice, the nuclei appeared smaller and degenerated, whereas in Hexb -/-FcRγ -/-mice, the nuclei appeared morphologically similar to WT. Based upon these findings, the degeneration of Purkinje cells in Hexb -/-FcRγ -/-mice was considered to be minimal.
We next evaluated apoptosis in the brains of 14-weekold mice (Figure 8 ). Using TUNEL assays, positive cells suggestive of apoptosis were found in the thalamus of Hexb -/-FcRγ +/+ mice (Figure 8a ), whereas in Hexb -/-FcRγ -/-and WT mice, these TUNEL-positive cells were barely detectable. The number of TUNEL-positive cells in a sagittal section was counted (Figure 8b ) and was shown to have decreased significantly in Hexb -/-FcRγ -/-mice when compared with Hexb -/-FcRγ +/+ mice. Apoptotic changes were also evaluated by a DNA ladder test, in which extracted DNA from mouse brain was run on an agarose gel. DNA from Hexb -/-FcRγ +/+ mouse brain appeared as a ladder with a smear pattern, whereas in Hexb -/-FcRγ -/-mice, a very faint ladder/smear pattern was visible. From these findings, we conclude that apoptosis did not occur extensively in the brain of the Hexb -/-FcRγ -/-mice when compared with Hexb -/-FcRγ +/+ mice.
IgG deposition were also observed in the brain of an SD patient. To determine whether autoimmune reactions were also present in human SD, we obtained autopsied tissue samples from the brain of an SD patient and examined them histologically. Neurons in the cerebellum were found to be distended with evidence of ganglioside storage (Figure 9, a and b) . IgG deposition was investigated in the cerebellum of this patient and was indeed evident in neurons, similar to the findings observed in Hexb -/-mice ( Figure 9, c and d) . Thus, the same immunological mechanisms found in the mouse may also be involved in human SD.
Discussion
LSDs comprise a family of more than 40 different disorders that result from deficiencies in various lysosomal enzymes (1). These disorders have much in common, such as pathological lysosomal swelling due to lysosomal storage of undegraded substrates and a mannose-6-phosphate receptor-mediated enzyme recapture system that has been targeted in the development of gene therapy for these diseases (20) (21) (22) (23) . Although emerging genetic technologies have uncovered the primary genetic defects of many LSDs, many uncertainties remain concerning the mechanism(s) leading to cell injury and disease progression. Extreme lysosomal swelling may lead to malfunction of cells that would delay signal transduction, but it is questionable whether this alone can account for the severe phenotypes seen in patients. In this study we investigated the pathogenesis of SD mice from the perspective of autoimmune features.
In the SD mouse model, both GM2 and GA2 accumulate in lysosomes due to defects in Hex's A and B (4). These gangliosides are abundant in the neurons of the CNS but are also present to some degree in visceral organs such as the liver, spleen, and thymus. In our study, we hypothesized that accumulated gangliosides might not be easily degraded and cleared due to the absence of Hex's. Thus, such undegraded substrates could potentially be targeted by the immune system, resulting in an autoimmune response. Similar mechanisms have been suggested in some cases of systemic lupus erythematosus (SLE), where low-serum DNase I activity, due to DNase I mutations, may result in undegraded nuclear DNA and hence, antinuclear DNA antibody formation (24) . Indeed, DNase I-knockout mice do develop SLE-like glomerulonephritis with the formation of anti-chromatin autoimmunity (25) . The antigenicity of gangliosides is further indicated by GuillainBarré syndrome, amyotrophic lateral sclerosis, and Fisher syndrome (11) (12) (13) , and we therefore postulated that accumulated gangliosides in SD mice might serve as autoantigens.
An initial series of experiments demonstrated increased levels of serum anti-GM2 and anti-GA2 antibodies in 14-week-old SD mice that showed advanced illness. Immunohistochemical studies of these mice also revealed IgG deposition in neurons of the CNS. IgG deposition in CNS neurons may be consistent with a recent report showing increased BBB permeability not only in SD mice but also in GM1 gangliosidosis mice (10) . Although it is still uncertain whether antiganglioside antibodies accumulate in neurons, serum from SD mice successfully transferred IgG deposition to the CNS neurons of SCID mice that had undergone D-mannitol treatment to disrupt the BBB. These data strongly suggested the presence of specific autoimmunity in SD mice. We hypothesized that antigen-antibody complexes on cell surfaces would trigger type II hypersensitivity reactions with microglial activation via FcRγ because microglial activation has been reported in SD mice (8, 9) , and FcRγ-knockout mice are resistant to the induction or spontaneous onset of various autoimmune diseases (26) (27) (28) .
To further clarify this hypothesis, we generated and analyzed Hexb -/-FcRγ -/-double-knockout mice that lack the FcRγ in SD mice. In the Hexb -/-FcRγ -/-mice, amelioration of neurological symptoms, life span increases, reduction in the degeneration of Purkinje cells, decreased levels of neuronal cell death, and decreased levels of anti-GA2 antibodies were all observed. However, as found in BMT experiments, the accumulation of gangliosides in SD mice was also evi- dent in Hexb -/-FcRγ -/-mice (7). These data suggest that this accumulation is one of the factors in the pathophysiology of LSDs.
Recent substantial studies have suggested that inflammatory processes are involved in the development of the neuropathology of SD mice (8, 10) . Using cDNA microarray analysis, Wada et al. revealed the upregulation of genes related to an inflammatory process dominated by activated microglia and confirmed that there were increased numbers of activated microglia and increased level of TNF-α mRNA in both SD mice and an autopsied human SD patient (8) . Gene expression profiling by serial analysis of gene expression in human GM2 gangliosidoses, including Tay-Sachs disease, supported the role of microglial and astroglial activation, and demonstrated the increased expression of death-associated protein 6 (DAXX), which encodes a protein that associates with the Fas receptor and is involved in apoptosis via Fas (9) . Moreover, microglial activation accompanied by the production of many other cytokines was previously reported in both SD mice and GM1 gangliosidosis mice (10) .
Based on our findings and the reports of other laboratories, we speculate that antibody-ganglioside complexes are important for the induction of microglial activation that is mediated via FcRγ in SD mice. Data showing that BMT ameliorates neurologic manifestations in SD mice can be explained by decreased anti-GM2 and anti-GA2 antibody formation, which we have observed (unpublished data). Activated microglia would produce cytokines including TNF-α, which is known to induce apoptosis through DAXX (29, 30) . The neurodegeneration that is observed in Purkinje cells of SD mice may therefore be the result of proinflammatory cytokines from activated microglia, although the precise mechanisms underlying this remain to be determined. Another possible mechanism by which activated microglia may cause SD is through phagocytosis via the FcRγ chain. Antibody-ganglioside complexes may become opsonized and could potentially be either phagocytosed or injured by microglia. Apoptotic neurons bearing these antibody-ganglioside immune complexes would therefore be phagocytosed and internalized by microglia. As a result of these mechanisms, neuronal injury, degeneration, and cell death are induced. As a result, microglial activation would accelerate antigen presentation and inflammatory responses that augment increasing levels of autoantibody production. A pathological study is currently ongoing in our laboratory to precisely evaluate microglial activation in Hexb -/-FcRγ -/-mice. Preliminary results indicate that there is reduced microglial activation, which supports our hypothesis.
Importantly, the autoantibody mechanisms evident in mouse models appear to exist also in human SD. Although we have so far only demonstrated the presence of IgG deposition in a CNS specimen from a single SD patient, it is highly possible that similar mechanisms exist in other cases of LSDs, including gangliosidoses. The manifestation of these may well depend on both the antigenicity and the levels of antigens. Immunological disturbances of the sphingolipidoses have been reported in some cases of Gaucher disease in which patients have significantly higher concentrations of polyclonal immunoglobulin (31) . Gaucher disease mice generated by Mizukami et al. also showed systemic inflammatory changes (32) . It would be very interesting in the future to investigate the autoantibody production associated with other LSDs.
Our results clearly demonstrate the involvement of the FcRγ gene and the possible role of an autoimmune response in the development of SD. Although much still remains to be elucidated, our present investigation has given us novel insights and furthered our understanding of the pathogenesis of SD. The contribution of autoimmunity to the pathogenesis of LSDs will be an important factor when developing effective new treatments to be used in combination with other therapies such as BMT (7, 33, 34) , enzyme replacement therapy (35) , and substrate deprivation (33, 36) .
